. Of current interest to education researchers is the extent to which these teacher effects on student achievement arise because of variation in teachers' pedagogical and content knowledge in the subject area they are teaching (e.g., Hill, Ball, & Schilling, 2008) . This question is of particular importance because research shows that other indices of teachers' professional knowledge (e.g., degree attainment, certification status) are only weakly related to student achievement (e.g., Croninger, Rice, Rathbun, & Nishio, 2003; Wayne & Youngs, 2003) .
The study reported here contributes to this line of work by discussing a new measure of teachers' knowledge about early reading and by reporting on an empirical study that used this measure to examine the effects of teachers' knowledge on students' reading achievement in about 900 first-through third-grade classrooms in Michigan. As we discuss in greater detail next, the study was designed to resolve a number of uncertainties arising from previous research on the effects of teachers' knowledge on students' early grades reading achievement. As we shall see, these uncertainties revolve around how to measure teachers' knowledge for teaching early grades reading and how to estimate the effects of such knowledge on students' reading achievement in light of various confounding factors in the matching of students to teachers within and between schools.
THE PROBLEM
For more than a decade, researchers have argued that to be effective, early grades reading teachers need a relatively high level of knowledge about "the linguistic foundations" of early reading (Moats, 2009b) . Moats (1994 Moats ( , 1999 developed an early and influential approach to measuring teachers' knowledge in this domain known as the Informal Survey of Linguistic Knowledge. This survey included items designed to measure teachers' content knowledge about the relations between the spoken and written aspects of language; about the sound structure of words; and about related topics in grammar, morphology, and orthography. A decade after Moats (1994) introduced this measure, many of the items from her original survey continue to be used in studies of teachers' knowledge of early reading-and for good reason. As Piasta, Connor, Fishman, and Morrison (2009) noted in justifying their use of items from Moats's survey, "Current theories of reading emphasize the necessity of the alphabetic principle to link phonological, orthographic, and semantic knowledge, particularly in the beginning stages of literacy" (p. 225). Thus, they reasoned that teachers' knowledge of the alphabetic principle and of mappings between language and print was essential for effective early reading instruction.
Researchers have used items from Moats's (1994) survey to address several interrelated research questions about the teaching of early grades reading. Some studies have examined the extent to which teachers actually know about the linguistic foundations of early reading; others have investigated whether specific professional development programs can increase teachers' knowledge in this domain; still others have asked whether increasing teachers' linguistic knowledge leads to more emphasis on explicit instruction in phonemic awareness, phonics, or other code-related aspects of reading; and a few studies have examined whether teachers with greater knowledge in this area have a more positive impact on students' reading achievement than do teachers with less knowledge in this area.
The findings from this body of research address (but leave open) a number of important questions about the nature of teachers' knowledge about teaching early grades reading, about how to measure this construct, and about whether teachers' knowledge in this domain Downloaded by [Joanne F. Carlisle] at 02:35 29 September 2011 is related to teaching effectiveness, as measured by gains in students' reading achievement. For example, several studies have shown that the average teacher of early-grades reading lacks strong knowledge about the linguistic foundations of reading (e.g., Bos, Mather, Dickson, Podhajski, & Chard, 2001; McCutchen, Abbott, et al., 2002; Moats, 1994) . In addition, a growing body of evidence has shown that teachers can be taught linguistic knowledge through programs of professional development (e.g., Bos, Mather, Narr, & Babur, 1999; Foorman & Moats, 2004; Garet et al., 2008; McCutchen, Abbott, et al., 2002; Spear-Swerling & Brucker, 2003 , 2004 . Additional evidence suggests that professional development can affect teaching practice, with research tending to show that teachers who participate in professional development aimed at increasing knowledge about the linguistic foundations of reading also provide students with more explicit instruction in phonemic awareness, phonics, and other code-related areas of reading (Bos et al., 1999; McCutchen, Abbott, et al., 2002; Garet et al., 2008) .
What is less clear from research is the extent to which teachers' knowledge about the linguistic foundations of reading has an effect on students' reading achievement in the early grades. In fact, the accumulated evidence, across different studies, suggests that the effects on students' reading achievement of teachers' knowledge in this area might be limited to certain domains of reading performance (e.g., Moats, 2009b) . Positive evidence of the effects of teachers' knowledge on students' reading achievement can be inferred from a study by Bos et al. (1999) , which found that students of teachers who received professional development aimed at increasing their knowledge of the linguistic foundations of reading showed greater achievement gains in some of these areas (e.g., phonemic awareness) than did students whose teachers did not receive this same professional development. It is important to recognize, however, that this study estimated the effect of teachers' participation in a professional development program on students' reading achievement, not the effect of their knowledge about reading. The same is true of other studies. For example, Garet et al. (2008) conducted a large randomized field trial of professional development program emphasizing (in part) the linguistic foundations of reading. These researchers found that teachers who participated in the program scored higher on a test of their "coderelated" knowledge of reading than did teachers who did not participate in the program, although the students of participating teachers did not show statistically greater gains in reading achievement compared to students of teachers who did not attend the program. This study also did not examine the effects of teachers' knowledge about reading on their students' outcomes.
In addition, studies of the relationship between teachers' knowledge of the linguistic foundations of reading and students' achievement have shown inconsistent results. For example, in contrast to Bos et al. (1999) , Spear-Swerling and Brucker (2004) found that students who were tutored by teachers with higher knowledge of the linguistic foundations of reading achieved higher word reading scores than did students tutored by teachers with lower scores, but this effect did not occur on students' test scores in the areas of lettersound correspondence, reading of irregular words, or spelling. In another study, McCutchen, Harry, and colleagues (2002) reported positive correlations between measures of teachers' linguistic knowledge and kindergarteners' word-reading achievement, but these researchers did not find a relationship between teachers' linguistic knowledge and first and second graders' achievement in the domains of vocabulary, reading comprehension, spelling, or writing fluency.
In summary, the results of these various studies present a quandary. Research suggests that early-grades reading teachers have limited knowledge of the linguistic foundations of reading and that professional development can increase teachers' knowledge in this domain. Downloaded by [Joanne F. Carlisle] 
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The open question, however, is whether increasing teachers' knowledge in this domain will improve students' reading achievement. The pattern of uneven (and modest) effects previously described led Foorman and Moats (2004) to suggest the need for further research into the measurement and effects of teachers' knowledge for early grades reading-an area of research that we also see as important. The study reported here was designed to develop a new measure of teachers' knowledge of early-grades reading and to develop an empirical approach to estimating the causal effects of teachers' knowledge on students' reading achievement using nonexperimental data. In the sections that follow, we explain our approach to investigating these issues.
APPROACH TO MEASUREMENT ISSUES
We concluded from our review of research on teachers' knowledge about early-grades reading that a somewhat different approach to measuring teachers' knowledge was warranted. As discussed next, this entailed addressing three interrelated problems: (a) the domains of knowledge to be assessed in measures of teachers' knowledge of early-grades reading, (b) the types of knowledge to be assessed within these domains, and (c) the resulting psychometric properties of any measures we developed.
Domains and Types of Teacher Knowledge
We begin by discussing the domains and types of knowledge to be assessed in our study. Our review of the literature suggested that existing measures of teachers' knowledge about early reading had two main properties. First, most reported measures focused on just one of several domains of specialized knowledge that teachers might need in order to teach early-grades reading effectively, namely, teachers' knowledge of the linguistic foundations of early reading. In our view, it makes sense to assume linguistic knowledge is an important component of teachers' knowledge for teaching reading in the early grades. However, knowledge in this particular domain would seem to be relevant mainly to code-related instruction. There is good reason to focus on teachers' knowledge beyond this limited domain (Snow, Burns, & Griffin, 1998) . For example, most balanced reading programs in the early grades recognize the need to build students' oral language, not only to develop phonemic awareness and decoding skills but also to promote vocabulary, fluency in word recognition and text processing, and reading comprehension (Pressley et al., 2001; Snow, Griffin, & Burns, 2005) . For this reason, we would argue that reading researchers need to expand their measures of teachers' knowledge for reading instruction beyond an exclusive focus on linguistic foundations.
1
A second problem with most current approaches to measuring reading teachers' knowledge is the focus on a particular type of knowledge: teachers' content knowledge, defined here as knowledge of a particular academic body of work-in this case, linguistics.
1 Not all measures of teachers' knowledge for teaching early-grades reading reviewed in this article have focused only on the linguistic foundations of reading, although this is true of most of the measures used in the publications cited in our literature review. In particular, it is worth noting that the measure of teachers' knowledge developed by Garet et al. (2008) was carefully (and more or less evenly) balanced across the five areas of reading discussed in Snow et al. (1998) . The measure used by Foorman and Moats (2004) was also reported to focus on all five of these areas.
Downloaded by [Joanne F. Carlisle] at 02:35 29 September 2011 McCutchen, Harry, et al. (2002) , for example, described the academic nature of items in Moats's (1994) original Informal Survey of Linguistic Knowledge when they noted that "a perfect score on the [Moats] survey is difficult to achieve without considerable linguistic training" (p. 214). An important question for reading research, however, is whether academic knowledge of this sort is the only form of knowledge needed to teach earlygrades reading effectively. To be sure, teachers need content knowledge to teach effectively (Shulman, 1986) , but the possession of academic knowledge does not assure that teachers will be effective in teaching their assigned subjects. In reading, for example, teachers might be able answer a number of difficult questions about English phonology correctly and still not know how to effectively teach children who are having real problems grasping the concept of phonemes in words. As Shulman (1986 Shulman ( , 1987 pointed out in his seminal discussions of pedagogical content knowledge, more than content knowledge is needed to teach effectively. Snow et al. (2005) referred to this knowledge as "usable" knowledge, knowledge that is "embedded in practice" (p. 11). Hill, Rowan, and Ball (2005) referred to such knowledge as a "specialized" form of content knowledge-that is, a deep understanding of both disciplinary knowledge and ways that such knowledge can be represented to foster student learning. From this perspective, we argue that measures of teachers' knowledge in any academic domain should assess not only teachers' academic knowledge but also their understanding of how that knowledge might be used effectively in practice.
An Alternative Approach to Measurement
The work reported in this article builds on two additional insights from research conducted by others. One comes from prior research showing that the knowledge of early-grades reading teachers can be measured along two primary dimensions-knowledge relevant to the teaching of word reading and knowledge relevant to the teaching of reading comprehension. In particular, research conducted by Phelps and Schilling (2004) and by Garet et al. (2008) provided evidence that knowledge in the domains of word reading and reading comprehension define two measurable domains of teachers' knowledge about reading. Based on this insight, the work reported here aimed at developing a measure of reading teachers' knowledge that included questions focused on both word reading and reading comprehension.
2
Another key insight comes from efforts to measure teachers' knowledge in fields of research other than reading. In particular, the line of work on mathematics teachers' knowledge conducted by Heather Hill and colleagues (e.g., Hill, Schilling, & Ball, 2004) demonstrates two important points that we attempted to build on in the work reported here. Their work shows that in addition to measuring teachers' academic content knowledge, it is possible to measure teachers' knowledge of pedagogy and student learning in specific areas of the school curriculum. Further, it is possible to develop assessment items that situate teachers' knowledge for teaching in instructional contexts. Thus, in our study, rather than asking teachers how many phonemes are in certain words (as is done in many studies of teachers' reading knowledge), we developed items that asked teachers to determine whether a student's spelling errors indicate difficulty identifying sounds in words. Items of this sort situate teachers' content knowledge in instructional contexts.
Finally, our current approach grew out of our previous research on reading teachers' knowledge and reflects an evolution in our measurement efforts. In an initial study of the connection between reading teachers' knowledge for teaching and student achievement (Carlisle et al., 2009 ), we developed a measure to assess teacher's knowledge of the linguistic foundations of reading as disseminated at professional development seminars on Moats's (2003) Language Essentials for Teachers of Reading and Spelling that were attended by teachers in Reading First schools in Michigan. That measure, which we called Language and Reading Concepts, included twice as many items focused on phonology, phonics, and grammar as it did items focused on reading comprehension and vocabulary. Moreover, like many teacher assessments in the field of reading, the items in this initial measure assessed academic content knowledge (e.g., "Which of the following words has a prefix?") without situating that knowledge in instructional contexts. In this study, we estimated the effect of teachers' knowledge of reading on students' reading achievement, controlling for the sociodemographic characteristics of students in a classroom and for several characteristics of teachers' professional preparation for teaching (e.g., certification status, educational attainment). The student outcomes were the performances of first, second, and third graders on two subtests of the Iowa Tests of Basic Skills (ITBS): word analysis and reading comprehension. The results showed no statistically significant effects of teachers' knowledge measured in this way on students' covariate adjusted achievement in word analysis or reading comprehension.
In interpreting the results of this first study, we hypothesized that the lack of statistically significant effects of our measure on students' reading achievement might be attributable (in part) to the approach we had taken to measuring teachers' knowledge, in particular, the focus in our measure on assessing teachers' decontextualized, academic content knowledge and the overrepresentation of items assessing teachers' knowledge of the alphabetic code and aspects of teaching word reading. As a result, in a subsequent study, we developed a measure of teachers' knowledge that differed from this initial measure in three ways . First, we included items designed to situate teachers' knowledge in classroom practices. Second, the new measure had a better balance of items focused on word reading and comprehension. Finally, the measure was based not on the contents of a particular program of professional development but rather on experts' judgments of the knowledge that teachers needed to teach beginning reading effectively. Using propensity score matching (Rosenbaum & Rubin, 1983) to identify and contrast comparable classrooms and teachers, we estimated the effects of this new measure on classroom-toclassroom variation in students' reading achievement. The results of this second study indicated the presence of a small, positive effect on students' ITBS reading achievement scores in Grades 1 and 2 (with standardized regression coefficients of b = .05), but no effect of teachers' knowledge on this measure of students' reading achievement in Grade 3. This result suggested that the measure of teachers' knowledge that we developed emphasized knowledge likely to have relevance for teaching reading effectively in first and second grades but not in third grade.
THE CURRENT STUDY
The present study was designed to address what we saw as two shortcomings in the studies that we (and others) have carried out. First, we again revised our measure of teachers' knowledge for early-grades reading so that items focused less on measuring teachers' Downloaded by [Joanne F. Carlisle] at 02:35 29 September 2011 academic content knowledge and more on teachers' use of their content knowledge to make decisions about instruction or to analyze students' performance on reading/writing tasks. Second, because teachers with extensive knowledge about reading might not be distributed equally across schools, we also adjusted the propensity score methods we used to statistically control for the clustering of high-knowledge teachers in certain schools and to control for the potential influence that schools might have on students' academic achievement. We then used this analytic strategy to estimate the effect of teachers' reading knowledge on students' reading achievement.
The current study has two research questions: What is the reliability and dimensionality of the measure of teachers' knowledge that we developed (Teachers' Knowledge of Reading and Reading Practices, or TKRRP)? To what extent does teachers' knowledge about reading, as demonstrated on this measure, affect students' gains in reading achievement over a school year? Our first question focused on the psychometric characteristics of our newly developed test of teachers' knowledge. We saw this as a critical first step in our research, especially because so few prior studies examined the psychometric properties of the measures they used, a problem that could affect study outcomes. The second step involved developing an empirical strategy to estimate the effects of teachers' knowledge on students' reading achievement more directly than has been done in experimental studies of professional development programs while addressing the complex issues of causal inference that arise in nonexperimental studies.
With respect to this second problem, several issues are critical. The first is that in American schools, students who face the greatest challenges in learning to read (i.e., poor and minority students with lower levels of entry-level achievement) are also taught by the least qualified teachers (Darling-Hammond, 2004) . In this situation, we can expect to find that teachers' knowledge is related to students' achievement simply because more knowledgeable teachers are clustered within schools that serve students who generally make larger gains in reading achievement. This clustering of particular types of teachers and students in particular types of schools motivated our use of a multilevel approach to propensity score matching. This approach is discussed in more detail next.
A second issue concerns how to estimate the effect of teachers' knowledge in light of findings that teachers' knowledge affects their instructional practices in ways that could improve students' reading achievement (e.g., Bos et al., 2001) . Our approach to estimating a teacher knowledge effect in light of this endogenous process is to carefully match teachers on a large number of student, classroom, and school covariates known from previous research to affect students' reading achievement but not to match teachers in terms of their instruction.
A final issue arises because our analytic methods rely on observational (i.e., nonexperimental) data. In this situation, it can always be argued that our estimated effect of teachers' knowledge on students' achievement is subject to omitted variables bias. For this reason, we examined the robustness of our causal inferences about the effects of teachers' knowledge on students' achievement by conducting a sensitivity analysis. This analysis addressed the question of the extent to which our estimates of the effects of teachers' knowledge on students' achievement might be altered in light of any failure to include particular kinds of unmeasured variables in our statistical model.
SAMPLE, DATA SOURCES, AND MEASURES
The current study examines these issues by studying a sample of teachers who 
Research Sample
The participants in this study were volunteers from the population of teachers working in Michigan's Reading First schools during the 2006-2007 school year. 3 About 72% of the Grade 1 through Grade 3 teachers in these schools volunteered to allow researchers to use survey results in research studies. Collectively, the 1,101 volunteer teachers taught in 138 schools and instructed 16,439 students. Of the teachers who agreed to participate, 297 firstgrade, 275 second-grade, and 292 third-grade teachers had sufficient student achievement data to be included in the study. Although we were unable to conduct this study with the full population of Michigan Reading First teachers, we did have available data from both the population of Reading First teachers and the research sample. This allowed us to compare the characteristics of the two groups and determine the extent to which the volunteer sample differed from the larger population of teachers. On nearly all measures we used to assess differences across the groups, the two groups showed no statistically significant differences (see Tables 1 & 2 ). An exception, however, was that the research sample had a higher average score (of +.25 SD) on our measure of teachers' knowledge. Table 1 presents demographic information on the students taught by teachers included in the research sample and students taught by teachers in the larger population. Table 2 presents information about the teachers in the research sample and in this larger population.
Sources of Data
Two types of student achievement data were used in this study: a classroom reading assessment that was used as a pretest measure of students' achievement and a standardized achievement test that was used as both a pre-and a posttest measure of achievement. We also included measures of students' sociodemographic characteristics in our statistical models. Data on students came from Michigan's Single Record Student Database (http://www.michigan.gov/cepi). Data on teachers included teacher scores on our measure of teachers' knowledge and data on teachers' professional and personal background. These data were collected from a survey instrument called "Teacher's Quest" administered three times a year to Reading First teachers in Michigan. Finally, school and district demographic and organizational data were gathered from the Michigan Department of Education website (http://www.michigan.gov/mde). These sources of data are described next. Table 1 . Characteristics of students in the research sample and population Table 2 . Selected characteristics of teachers in the research sample and population 
Measures of Students' Reading Achievement and Sociodemographic Characteristics
The student outcome measures for this study were developmental scale scores taken from students' spring 2007 performance on two subtests of the ITBS-the word analysis subtest and the reading comprehension subtest. The word analysis subtest asked students to identify and match sounds and spelling elements of words. The reading comprehension subtest asked students to select responses to basic reading comprehension questions that followed short passages. Test reliabilities (computed with Kuder-Richardson Formula 20) for each subtest for Grades 1, 2, and 3 were, respectively, word analysis: 0.85, 0.85, 0.85; reading comprehension: 0.91, 0.90, 0.91 (Hoover et al. 2003) .
For each grade level, our statistical analysis adjusted these scores for prior reading achievement, using students' 2006 fall performance on one subtest of the Dynamic Indicators of Basic Early Literacy Skills, hereafter called DIBELS (http://dibels.uoregon.edu). For first grade, the pretest used for adjustment was student scores on fall performance on Nonsense Word Fluency, a subtest that asked students to decode two-or three-letter nonsense words on a printed page; credit was given for the number of letters correctly decoded in 1 min. For second-and third-grade students, the subtest used for adjustment was Oral Reading Fluency, which asked students to read aloud three passages; all three passages were scored for the number of words correctly read in 1 min, and the student's score was based on his or her median passage performance. In addition, for the second and third grades, we also included as a pretest measure of student's prior ITBS reading scores from the spring of 2006. ITBS could not be used as an adjustment in first-grade analyses because it was not administered to kindergartners.
Alternate form reliability for the DIBELS measures was reported in a document on the DIBELS website (Assessment Committee, 2002) . For Nonsense Word Fluency, the median was 0.83 for first graders. For Oral Reading Fluency, the report gave a range of 0.91 to 0.96 for second graders reading a variety of different passages. Teachers were trained to administer DIBELS by the Reading First literacy coaches and the state's Reading First facilitators. Literacy coaches assisted in the administration of DIBELS and entered the DIBELS results into the web-based database maintained by the University of Oregon.
Prior to conducting the data analysis, sociodemographic information about students was linked to data on students' performance on the DIBELS and ITBS subtests. Demographic information on students included measures of age, gender, ethnic and racial background, status with regard to English language proficiency and disabilities, and eligibility for free or reduced-price lunch. Descriptive statistics on the test scores and demographic characteristics of students in the research sample are shown in Table 1 .
Measure of Teachers' Knowledge and Professional Background
To measure teachers' knowledge about early reading, we had teachers complete the TKRRP survey in the winter of 2007. The TKRRP was specifically designed to measure the knowledge about early reading that early elementary teachers in Grades 1 to 3 use as they teach children to read words and comprehend texts. The content of this test was developed in consultation with experts in the field of early-reading instruction who provided their views of the types and domains of knowledge teachers need in order to teach early reading well. Based on their advice, we selected for inclusion on the TKRRP items that focused on activities in oral language, reading, and writing that occur in teaching word reading (e.g., phonemic awareness, letter-sound relationships) and comprehension (e.g., morphology, Downloaded by [Joanne F. Carlisle] at 02:35 29 September 2011 text analysis, fluency). We also engaged in pilot testing the TKRRP to eliminate items that did not discriminate among teachers or show strong fit statistics. Questions on the TKRRP assessment were designed around scenarios that teachers might encounter when teaching reading in the early elementary years. It included 13 situations or scenarios, a number of which have multiple items for a total of 22 items. Appendix A shows the items on TKRRP.
The Teacher Information section of the survey provided information about participating teachers' personal and professional characteristics. These included race/ethnicity, undergraduate major, graduate major, attainment of a master's degree, type of certification currently held, and type and amount of professional trainings attended. Response options (e.g., master's degree) involved a simple yes or no response (represented through indicator variables) with the exception of professional trainings. The measure of professional trainings was a sum of the number of trainings the teacher indicated that he or she had completed; options included programs such as Reading Recovery and Orton Gillingham.
Measures of School and District Characteristics
School and district characteristics were constructed by aggregating student and teacher-level data. In addition, several measures were drawn from the Michigan Department of Education website (http://www.michigan.gov/mde), including the percentage of students that were male/female, an index based on the percentage of students in each racial/ethnic group (White/non-Hispanic, African American, Hispanic, Asian, American Indian, Hawaiian, other), and a proxy measure for the socioeconomic status of students at a school (i.e., the percentage of students eligible for free or reduced-price lunch).
Missing Data
As a result of teacher and student mobility and/or absenteeism on the day an instrument was administered, approximately 10% of teachers and students at each grade level had missing data on one or more variables included in our statistical models. Rather than remove students or teachers with incomplete data, we used the computer program IVEWARE (Raghunathan, Lepkowski, Van Hoewyk, & Solenberger, 2001 ) to multiply impute values, based on every measured variable. This produced five separate student-and classroomlevel data sets, where each data set contained a different plausible value for any missing value for a particular case. We then conducted statistical analyses using each of these five data sets and averaged parameter estimates from these multiple analyses to arrive at our final estimates of the effects of teachers' knowledge on students' achievement. In the tables reported below, we adjusted all estimated effects for the increased uncertainty resulting from multiple imputation (for a discussion of the advantages and use of multiple imputation in data analysis in educational settings, see Peugh & Enders, 2004) .
STATISTICAL MODELS
We conducted three independent but parallel lines of data analysis for the study. Each analysis focused on estimating the effects of teachers' knowledge (as measured by TKRRP) on students' reading achievement at a single grade level. Moreover, for each grade-specific analysis, we estimated the effect of teachers' reading knowledge on students' achievement Downloaded by [Joanne F. Carlisle] at 02:35 29 September 2011 in two domains: reading comprehension and word analysis. These analyses also were conducted separately. In each of these latter analyses, we derived the estimands in two stages. In the first stage, we used various extensions of propensity score stratification (Rosenbaum & Rubin, 1983) to approximate an experiment. The goal of the propensity score stratification was to assure that classrooms whose teachers had varying levels of teacher knowledge were otherwise closely matched on a wide range of observed covariates. In the second stage of the analysis, we then controlled for the propensity strata in which classrooms were located and used hierarchical linear models to estimate the effects of teachers' knowledge on students' reading achievement. Hierarchical linear models were used in the analyses in order to adjust standard errors for estimates in light of the nesting of students within classrooms and the resulting lack of statistical independence among student test scores that potentially results from this nesting process.
Propensity Score Analysis
The propensity score analysis just discussed was intended to address an important problem in research on teachers' knowledge-the possible confounding of teacher knowledge with other related school, teacher, and student characteristics. If this confounding is not taken into account in our statistical models, estimates of the effects of teachers' knowledge on students' achievement could be biased. Because our study could not employ random assignment to address the possibility of confounding, we followed the common practice of attempting to remove confounding through development of a propensity score and through stratifying cases on this score. In essence, this propensity score stratification works to assure that we are estimating the effects of teachers' knowledge on students' achievement only within groups that are closely matched on a wide range of observed covariates.
In the current case, we conducted three separate, grade-specific multilevel propensity score analyses in which every available classroom, teacher, school, and district variable in our data set was used to model the propensity (or likelihood) that different types of teachers, working in different types of classrooms, located in different types of schools and districts, would have higher levels of teacher knowledge (as assessed by our TKRRP measure). The variables are listed in Appendix B. In each of these analyses, our statistical model for deriving a propensity score for a given classroom was a three-level, hierarchical linear model with random intercepts and slopes. In this approach, the propensity function for teacher j in school k in district l was modeled as Level 1 (Teacher):
Level 2 (School): where X, W, D, β, γ , and π are respective teacher, school, and district variables and coefficients. Further, ε, r, and u are the appropriate random effects assumed to be from a multivariate normal distribution (Hong & Raudenbush, 2006) .
These multilevel regressions produced a propensity function (or score) for each classroom in the study. This score is simply a scalar from which we can identify similar teachers on the basis of their likelihood to be a high-knowledge teacher (Imai & Van Dyk, 2004) . Using the values of classrooms on this scalar, we stratified classrooms into five groups, based on quintiles of the resulting distribution, and then checked to see that, within strata, there was no association between teachers' TKRRP scores and each of the classroom, teacher, school, and district variables used to generate the score. Many of these variables, it should be noted, have been shown in previous research to be associated with student achievement and to influence the sorting of teachers into classroom assignments (e.g., Darling-Hammond, 2004; Kainz & Vernon-Feagans, 2007; Kieffer, 2010 ).
An important finding of the propensity score analysis was that, within all strata, there were no significant correlations among the variables used to generate the propensity score and the TKRRP scores of teachers heading a classroom, suggesting that simply by entering the strata location of a classroom as an independent variable in our analysis of the effects of teachers' knowledge on students' achievement, we can substantially reduce omitted variables bias. However, we cannot rule out the possibility of at least some omitted variables bias in our analysis because there could be one or more "unobservables" not included in our propensity analysis that are correlated either to treatment assignment and/or potential outcomes. As a result, after estimating the effects of teachers' knowledge on students' achievement controlling for propensity strata, we conducted a sensitivity analysis to provide information about how the results of our study might be biased, given a range of plausible assumptions about omitted variables bias. 4 This analysis is described next.
Hierarchical Linear Model for Estimating Teacher Knowledge Effects
After grouping teachers into five strata based on their propensity score at each grade level, we proceeded to estimate the effects of teachers' knowledge on students' achievement using three-level, hierarchical linear regression models (Raudenbush & Bryk, 2002) . In all, we estimated six separate regression models, one for each outcome variable (students' ITBS scale scores for word analysis and for reading comprehension) at each grade level. In each regression model, we tested the null hypothesis that the effect of teachers' TKRRP scores on the respective student outcome was zero. In testing this hypothesis, we estimated each of the models using five multiply imputed data sets. Accordingly, the point estimates, standard errors, variance components, and degrees of freedom in these analyses were based on all five data sets and were adjusted for the variance in parameter estimates within data sets and the variance in the parameter estimates between data sets (Peugh & Enders, 2004; Raudenbush & Bryk, 2002) . 4 Readers interested in the specific propensity score models estimated here can consult the technical report by Carlisle et al. (2008) . The propensity score models are quite complex, involving several extensions to such models used in studies where treatments are categorical and treated subjects are not nested within higher level units. In particular, in developing a propensity score model to predict the likelihood that classrooms were headed by more and less knowledgeable teachers, we built on the work of Imai and Van Dyk (2004) on propensity score modeling for continuous treatment variables and on the work of Hong and Raudenbush (2006) on multilevel propensity score stratification.
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All independent variables at Levels 1 and 2 of the hierarchical linear models were centered around their respective grand means, and the outcome variables and the measure of teachers' knowledge were standardized to have a mean of zero and a standard deviation of 1. At Level 1 of the model, we included seven student covariates that have been found in previous research to be related to students' reading achievement: male (an indicator of whether a student is male), age (a continuous measure of each student's age in months), disabled (an indicator that specifies whether or not a student was coded as having a disability and received special education services), LEP (an indicator for whether or not a student has limited English proficiency), FRL (an indicator of eligibility for free or reduced-price lunch), White (an indicator of whether or not a student is White), and a student's DIBELS score for Fall 2006 and-for Grades 2 and 3 only-a student's ITBS reading comprehension and word analysis scores from the spring of the previous year (2006) . The general form of the Level 1 model, then, was
where Achievement ijk represents a reading achievement outcome for student i in classroom j in school k, which is seen as varying around π 0jk (the average student score adjusted for the student-level independent variables (X) in the model); π p are the seven regression coefficients for each of these independent variables, and ε ijk is a random effect for each student in the data set, where these random effects have a normal distribution with mean zero and variance σ 2 . At Level 2 of the model, the adjusted average achievement of students, π 0jk , was modeled as a function of indicators for the teacher subclasses estimated by the propensity score, S 1 , S 2 , S 4 , S 5 (subgroup 3 is the reference group), a random effect, r 0jk , and a measurement of each teacher's reading knowledge, TK. The form of the model at Level 2 was
where β 00k is the average adjusted student achievement for a teacher's class, β 01 is average effect of teacher knowledge (TK) on adjusted achievement, and S qjk are the strata indicators with corresponding coefficients, β 0q . Moreover, r 0jk is the random effect of teacher j in school k and has a normal distribution with mean zero and variance τ π . Finally, we specified the school level of our model to contain only a random intercept, such that
where γ 000 is the school average achievement and u 00k is the random effect associated with each school and is distributed as normal with mean zero and variance as τ β . In constructing the Level 2 and 3 portions of the model, we note that teacher and school characteristics were adjusted through the propensity score strata rather than through covariance adjustment at the respective level. In addition, interactions and higher order terms (e.g., squared and cubic terms) were considered, and we selected models based on chi-squared tests of deviance statistics. Downloaded by [Joanne F. Carlisle] 
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Sensitivity Analysis
In these models, our causal estimates will be unbiased only if we are comparing teachers within schools and districts with similar characteristics. If we have not constructed comparable groups (i.e., through omission of key variables that are related both to the assignment of teachers with more or less knowledge and to students' reading achievement outcomes), our causal estimates will be biased. To assess the robustness of our inferences about the effects of teachers' knowledge on students' achievement, we conducted a sensitivity analysis (e.g., Rosenbaum, 1995) . This analysis described the magnitude of relationships between an unobserved variable treatment assignment (in this case, the classroom teachers' TKRRP score) and student outcomes that would be needed to alter the original inference about the effects of teacher knowledge on students' achievement. In particular, the impact of an omitted variable on the estimated effect of teacher knowledge is dependent on the omitted variable's relationship with teacher knowledge, the ITBS outcome, and its relationship with measured covariates. To empirically characterize the potential impact of an omitted variable, we followed Hong and Raudenbush (2006) by assuming that the omitted variable had relationships with teacher knowledge and achievement similar in magnitude to one of the measured covariates. Further, to allow maximal impact, we conservatively assumed the omitted variable had no relationship with other measured variables. By estimating each measured variable's unconditional relationship with teacher knowledge and the outcome, we constructed several scenarios in which hypothetically omitted variables might work to alter our inferences. We then re-estimated the effects of teachers' knowledge on our outcome variable, accounting for each hypothetical omitted variable one at a time. If the inclusion of this hypothetical variable altered the statistical significance of our estimated teacher knowledge effect, we concluded that our results were sensitive to omitted variables bias. The results of this analysis are discussed next.
RESULTS
We present our results in four sections. The first section gives the results of psychometric analyses of the TKRRP measure to address our first research question about the measurement properties of our newly constructed measure of teachers' knowledge. The next three sections provide analyses that address our second research question, which concerns the effects of teachers' knowledge on students' reading achievement. The second section, for example, describes our analyses of the distribution of teacher knowledge across teachers, schools, and districts. These results set the stage for the third section, which presents our model-based estimates of the effects of teachers' knowledge on students' reading achievement. The fourth section describes our analysis of the sensitivity of these estimates to omitted variables bias.
Psychometric Analyses of TKRRP
In conducting a psychometric analysis of teacher responses to the TKRRP, we began with a binary exploratory factor analysis using marginal maximum likelihood to assess the number of dimensions of teachers' knowledge measured by the TKRRP scale. Results suggested that, in contrast to at least some prior research (Garet et al., 2008) , the TKRRP item pool was best fit using a single underlying dimension of teachers' knowledge . On the basis of this analysis, we used a one-parameter Item Response Theory model (Hambleton, Swaminathan, & Rogers, 1991) to combine the items into a single measure of teachers' knowledge about early reading.
5
The TKRRP measure of teachers' knowledge for reading had a coefficient alpha of .756 and a one-parameter IRT reliability of .762. However, inspection of the test information curve (shown in Figure 1 ) shows that our measure was most reliable for teachers whose TKRRP scores were 1.25 SD below the mean score on the measure. Because test information is directly related to reliability, and because IRT-based test scores vary in reliability across persons, this statistic provides a useful diagnostic tool for determining the extent to which the TKRRP assessment is more or less reliable at particular points in the distribution of teacher scores. In our case, the test information curves show that the knowledge of teachers with scores well below the mean on the TKRRP was measured with greater reliability than was the knowledge of teachers with scores at or above the mean. In essence, the measure we developed can accurately assess whether teachers know relatively little about the content included on the TKRRP.
Propensity Score Analysis
Once we developed the TKRRP measure of teachers' knowledge, we estimated the propensity score model discussed earlier. In essence, the estimation of this model allowed us to test the hypothesis that teachers' knowledge (as assessed by TKRRP) might be distributed unevenly across teachers, schools, and districts. At Grade 1, the propensity score analysis showed that approximately 11% of the variance in our TKRRP measure was among schools, 7% was among districts, and the remaining 82% was among teachers. Similar results were obtained using the data from Grades 2 and 3. In general, these analyses support the hypothesis that teachers who scored higher and lower on our TKRRP measure were unevenly distributed among schools and districts in the sample, although the analysis also found substantial variation in TKRRP scores among teachers located in the same schools and districts.
The propensity score analysis also allowed us to investigate the specific characteristics of teachers, classrooms, schools, and school districts that accounted for the observed variance in teachers' TKKRP scores. Here, we found that first-grade teachers scored higher on the TKRRP than did teachers at other grades (see the first row of Table 2 ); within grades, higher scoring teachers tended to be White women who had majored in early childhood education and were more experienced in teaching. Schools where teachers had higher average TKRRP scores tended to have a higher percentage of White teachers and a lower percentage of African American students; they tended to have teachers who had more professional trainings. Districts whose teachers had higher average knowledge scores tended to enroll a lower percentage of African American students and have higher percentages of White teachers and teachers with a master's degree.
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Effects of Teachers' Knowledge on Students' Achievement
As discussed, the propensity score analysis was used to form five "propensity strata" within which teachers tended to have similar scores across a wide range of covariates. To control for differences in teacher background, we then added indicators variables for the propensity strata in which a given teacher was located (as shown in Equation 2), which allowed us to estimate the effect of teachers' TKRRP scores on students' reading achievement across comparable groups of teachers. The reader will recall that our analyses of the effects of teachers' knowledge on students' reading achievement were conducted separately for each grade and that for each grade, separate analyses were conducted for two ITBS subtests-word analysis and reading comprehension.
As a first step in the outcomes analysis, we partitioned the variance in students' reading achievement score into three components in a fully unconditional model (i.e., model with no covariates). As shown in Tables 3, 4 , and 5, in these unconditional models, the majority of variance in students' achievement was among students within classrooms (between 81% and 87%, depending on the grade level and achievement domain). This variation, it should be noted, represents variance attributable both to errors in the measurement of student achievement and to variation among student outcomes, due to such factors as natural aptitude, motivation, and family support. A smaller yet statistically significant amount of variance in student achievement outcomes was found among classrooms (teachers) and schools: between 8% and 15% of the variance for classrooms (teachers) and between 3% and 8% for schools.
At the next step in the analysis, we estimated the multilevel statistical model described in Equations 1 to 3 for each grade level/achievement outcome of interest. The results of these analyses are presented in Tables 3, 4 , and 5. In these tables, the dependent variables are listed in the columns (ITBS word analysis and reading comprehension scale scores), and the independent variables are listed in the rows. Looking across all three tables, we found that student characteristics explained statistically significant amounts of the variance in both the word analysis and reading comprehension achievement scores. In particular, at each grade level, students who scored higher on prior achievement tests tended to score higher on end-of-year reading achievement outcomes. Moreover, a student's race/ethnicity, eligibility for free or reduced-price lunch, and disability status also had statistically significant effects on achievement outcomes at all three grade levels. In the column labeled "Final Model," we can see that inclusion of student covariates, propensity strata, and a teacher's TKRRP score accounted for 20 to 40% of the between-classrooms variance in students' achievement (depending on the grade and achievement outcome under analysis) and about 75 to 80% of the variance in student achievement scores among schools (again depending on the grade and achievement outcome under analysis).
Although the results shown in Tables 3, 4 , and 5 suggest that our statistical model accounts for substantial portions of variance in students' reading achievement among classrooms and schools, the results only partially support the hypothesis that a teacher's score on the TKRRP measure affects students' reading achievement. For example, Table 3 shows that first-grade teachers' knowledge, as measured by the TKRRP, had a statistically significant, positive effect on students' reading achievement-but only for students' ITBS reading comprehension scale score. As the table shows, a 1 SD increase in a teacher's knowledge score led to a 0.08 SD increase in first graders' reading comprehension achievement. However, this is the only significant effect of teachers' knowledge on students' achievement across all of the outcomes analyzed. That is, teachers' performance on the TKRRP measure did not have statistically significant effects on first-grade students' word analysis scale score, nor did the teachers' TKRRP score have statistically significant effects on second-or third-grade students' word analysis or reading comprehension test scores.
It is important to note that the effects just discussed are the average effects of teachers' knowledge on students' reading achievement. However, it is possible that the effect of teachers' knowledge on students' achievement varied across levels of teacher knowledge on the TKRRP measure. As a post hoc analysis, we examined this issue, using locally weighted polynomial regression analysis (e.g., Cleveland & Devlin, 1988) . This analysis showed some evidence that the effects of teacher knowledge on students' achievement were stronger at the lower (as opposed to upper) end of TKRRP score distribution.
Figure 2 visually depicts this relationship in the first-grade data. The figure is a scatterplot, showing the fitted relationship between teachers' TKRRP scores (on the horizontal axis) and students' reading comprehension achievement scores (on the vertical axis), where the data points within the scatterplot are denoted by different symbols that stand for the propensity strata in which teachers were grouped. As Figure 2 shows, the slope of the line relating teachers' TKRRP score to students' achievement is much steeper at lower levels of TKRRP scores than at higher levels. This finding is important because, as noted earlier, the TKRRP measure used in the analyses reported here provided maximum information (i.e., was most reliable) for teachers who scored well below the mean on this teacher knowledge measure.
Sensitivity Analysis
As a final step, we conducted a sensitivity analysis to assess how the effect of TKRRP scores on Grade 1 students' reading comprehension might change in the presence of omitted variables bias. This analysis indicated that our HLM estimate of teachers' knowledge on Downloaded by [Joanne F. Carlisle] first-grade students' reading comprehension achievement was robust to a wide range of assumptions about possible omitted variables but that the effect estimate would become statistically insignificant if an unmeasured variable with effects on teacher knowledge and student achievement similar in magnitude to class average prior achievement was omitted from our regression analysis. That finding is particularly important because in the first-grade data set, we were able to use only one prior achievement measure (DIBELS), whereas at later grades, we included three prior achievement variables (DIBELS and two ITBS achievement scores). As a result, we cannot say with confidence that our estimated first-grade effect is robust to omitted variables bias.
DISCUSSION
In this study we set out to address two problems confronting research on teachers' knowledge about early-grades reading. The first problem was to develop a new survey measure of teachers' knowledge in this domain, one that assessed not only teachers' knowledge about the linguistic foundations of reading but also knowledge about reading comprehension. Moreover, in assessing teachers' knowledge in these domains, we included survey items that assessed not just "academic" knowledge but also use of content knowledge in typical classroom situations. The second problem involved the use of this new measure in carrying out an empirical analysis of the effects of teachers' knowledge on students' reading achievement. Here, we developed a statistical model that addressed various problems that have plagued previous, nonexperimental studies of the relation of teachers' knowledge Downloaded by [Joanne F. Carlisle] at 02:35 29 September 2011
and student outcomes-in particular, issues related to the clustering of higher knowledge teachers in particular kinds of schools and school districts and issues related to potential "omitted variables bias" in the estimation of teacher knowledge effects on students' reading achievement. We summarize and discuss our work on each of these problems in turn.
Findings on the Psychometric Properties of the TKRRP Measure
The measure of teachers' knowledge that we developed differed in certain respects from the measures used in previous research. First, it included items that reflected not only teachers' knowledge of the linguistic foundations of early reading but also their knowledge in the domain of reading comprehension. An important finding of our psychometric analysis was that items from both these content domains formed a unidimensional scale with a reasonable (albeit not strong) internal consistency of α = .756. This finding contrasts with those of two other studies (Garet et al., 2008; Phelps & Schilling, 2004 ) that found that items in these domains formed two separable dimensions of teachers' knowledge. We are not sure why our results differ from those of these other studies. We can say that dimensionality in IRT measures arises for a number of reasons, including the relative mix of items in a measure that are drawn from particular content domains. Thus, although we make no strong claims about the dimensionality of teachers' knowledge of early reading, we strongly recommend additional measurement studies, using items that tap knowledge of different areas of reading.
Our psychometric analysis also revealed an important characteristic the TKRRP measure. As Figure 1 shows, the test information curve for our one-parameter IRT measure of teachers' knowledge indicated that the measure had much higher reliability at points where teachers' overall scores were well below the mean and that reliability dropped off sharply, once scores reached or exceeded the mean. We are uncertain as to why the TKRRP measure we developed had these properties, although one strong possibility is that this pattern is attributable to the unique characteristics of our study sample. A very large percentage of the teachers in the study sample had been working for more than a year in schools that participated in Michigan's Reading First program, and the extensive professional development that these teachers received as a result of their participation in this program could have affected our ability to reliably discriminate among teachers who scored at higher levels of the TKRRP measure. That is, the professional development associated with Reading First might have had strong effects on teachers' knowledge, which in turn affected the ability of our item pool to discriminate among teachers' with higher levels of knowledge about early-grades reading.
There is some evidence in our data of a professional development effect. In a subsidiary analysis, we found that 16% of the first-grade teachers, 15% of the second-grade teachers, and 23% of the third-grade teachers were new to Reading First in the year of our current study. Moreover, as Table 6 shows, at the first-and second-grade levels, these new teachers scored significantly lower on the TKRRP than did teachers who had been exposed to Reading First for more than 1 year. These results are consistent with research showing that participation in focused professional development can improve teachers' knowledge about how to teach reading effectively (e.g., Garet et al., 2008) . These results suggest that there might be some value to conducting a psychometric analysis of the TKRRP measure in a sample of teachers who were not so uniformly exposed to professional development in the area of early-grades reading. Downloaded by [Joanne F. Carlisle] Finally, it is possible that the relatively weak effects of our TKRRP measure on students' achievement stem in part from the failure of the TKRRP to capture the kinds of knowledge that matter for teachers of second-and third-grade students for whom basic decoding is less an issue than comprehension of texts. Thus, we see a need for further exploration of ways to assess critical aspects of knowledge about reading. For example, one group of researchers has been investigating teachers' specialized knowledge for assisting students in understanding written texts, using a "video-viewing" task (Kucan, Palincsar, Khasnabis, & Chang, 2009 ).
The Effects of Teachers' Knowledge on Students' Reading Achievement
Our second question focused on the effects of teachers' knowledge on students' reading achievement. Contrary to our expectations, this portion of the study did not provide strong support for the hypothesis that teachers' performance on TKRRP would significantly affect first through third graders' achievement gains. Indeed, across the six statistical models that we estimated, the standardized effects of TKRRP scores on students' achievement were .02 for word analysis and .08 for reading comprehension in first grade, .02 for both word analysis and reading comprehension in second grade, and .01 for both word analysis and reading comprehension in third grade. Although we expected the effects of teachers' knowledge on student outcomes to be relatively small, given the findings of others (e.g., Hill, Rowan, et al., 2005) , we were surprised that the only statistically significant effect of teachers' TKRRP scores on students' reading achievement occurred in the first-grade sample, and then only for students' reading comprehension achievement. That effect would add about 3 to 4 weeks of additional learning to a student's reading comprehension score in first grade, moving the average first-grade student's test score from the 50th to the 53rd percentile.
Contributions, Limitations, and Future Research
We see the study as having produced advances over previous research in various ways. For example, we have shown that it is possible to measure teachers' knowledge in domains other than the linguistic foundations of reading and that survey items can be developed to measure this knowledge as used in classroom situations. Nevertheless, additional research is needed, both to identify and measure other kinds of knowledge about early reading that might distinguish more and less effective teachers of reading in the early grades and to explore methods for measuring the enactment of knowledge in practice-the specialized knowledge needed to teach reading well.
Another contribution of our study is the development of a strategy for estimating the effects of teachers' knowledge on students' reading achievement, using nonexperimental Downloaded by [Joanne F. Carlisle] at 02:35 29 September 2011 data. Because exploratory studies in education often use such data, we think the strategy we developed can be applied in future studies. In particular, our study suggests some strategies for taking into account the nesting of high-knowledge teachers in particular school and district settings through the use of multilevel propensity score stratification and for assessing the sensitivity of nonexperimental estimates of teacher knowledge effects on students' achievement to possible "omitted variables bias." We strongly encourage future exploratory studies that take advantage of these analytic approaches.
Several notes of caution need to be raised about our analyses of the effects of teachers' knowledge on students' reading achievement scores. First, as Figure 2 suggests, it is quite possible that unreliability in our measurement of teachers' knowledge produced significant underestimates of the effects of teachers' knowledge on students' reading achievement. Put differently, the measurement unreliability at higher levels of the TKRRP scale could easily have underestimated the average teacher knowledge effect, especially because measurement error in the independent variable tends to bias the relationship between that variable and the outcome measure toward zero.
At the same time, it is possible that the one statistically significant effect that we did find in our analysis was actually an overestimate of the true effect of teachers' knowledge on students' reading achievement. This is because the one analysis where we did find a statistically significant effect of teachers' knowledge on students' achievement (i.e., first graders' reading comprehension achievement) did not contain as full a set of pretest achievement measures as the analyses we conducted at other grade levels. Moreover, our sensitivity analysis showed that the results of this analysis could have been sensitive to this omission. Given these issues, we suggest that future research on the effects of teachers' knowledge on students' achievement might follow Sanders's (2006) advice to include as many measures of prior student achievement as possible in statistical models of teacher effects on students' achievement.
To some, the lack of inclusion of a measure of teachers' instruction in the present study might be seen as a major limitation. However, to others (e.g., Cochran-Smith & Zeichner, 2005; Moats, 2009a Moats, , 2009b , there are reasons to seek further understanding of the relation of teachers' content knowledge and students' reading outcomes. For example, Moats suggested that it is critical to understand the threshold of teachers' content knowledge that indicates that they have sufficient knowledge to teach reading effectively (Moats, 2009a) . She expressed the hope that future studies might provide an assessment of teachers' knowledge capable of distinguishing teachers who are and are not adequately prepared to address the instructional needs of children who struggle in learning to read. As Moats (2009a) commented, "Teachers cannot teach what they do not understand themselves" (p. 387).
The study we conducted should not be considered to have produced definitive answers to the questions we raised at the outset of our study, but we believe that empirical research on the nature of teachers' knowledge and its effects on students' reading achievement cannot advance without additional theory development. We agree with Snow et al. (2005) and Foorman and Moats (2004) about the need for additional research that seeks to clarify the domains of knowledge required to teach early reading effectively, the ways in which such knowledge can be measured, and the processes by which teachers' knowledge works through instructional practice to affect student learning. Our results should not be interpreted as suggesting that teachers' knowledge is unrelated to the quality and effectiveness of their reading instruction. Rather, they illustrate the complexity of issues that need to be addressed to understand the extent to which teachers' knowledge about early-grades reading contributes to their students' achievement in reading over time. 
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